ABSTRACT There are potential advantages for using noninvasive methods instead of conventional approaches for measuring corticosterone (CORT) as a metric of stress. Two studies compared blood heterophil: lymphocyte (H:L) ratios, serum CORT, cecal content CORT (Study 1), colon content CORT (Study 2), and feather CORT concentrations for broiler chicks receiving drinking water with or without added CORT. On day 28, male broilers (N = 140) were provided tap water (Control group) or water containing 20 mg/L of CORT (CORT group) for up to 72 h. Body weight (BW), blood, feather, cecal, and colon content samples were collected from 10 birds from each treatment group at 0, 6, 12, 24, 30, 48, and 72 h. Data were analyzed with a JMP Pro ANOVA. Mean comparisons were analyzed on significant treatment effects using post hoc t-tests to compare control and CORT measures within each sampling time point. Pearson's pairwise correlations for all data were performed. A treatment by time interaction affected all measures in both studies. In both studies, CORT treatment reduced body weight and increased H:L ratios at later time points. In study 1 cecal content CORT concentrations were elevated with CORT treatment after 24 h, whereas in study 2 colon content CORT concentrations were elevated after 6 h. CORT treatment increased body and primary feather CORT and primary feather CORT increased with time in control groups in both studies. Serum CORT exhibited the lowest variability compared with all other sample sources used for determining CORT. Estimates of CORT by different methods were positively correlated. These results indicate that serum CORT concentrations most reliably reflect the CORT status of broilers, and that feather CORT concentrations demonstrated potential for estimating stress in broilers.
INTRODUCTION
Stress has a detrimental impact on broiler performance (Virden and Kidd, 2009; Vizzier-Thaxton et al., 2016) . Stressors activate the hypothalamopituitary-adrenocortical cascade, resulting in the release of corticosterone (CORT) (Blas, 2015) . The concentration of CORT in serum or plasma provides an indication of an individual bird's acute stress status at the time the blood was drawn (Bortolotti et al., 2008; Blas, 2015) , which can be confounded by fear of humans (Hemsworth et al., 1994) and the stress of capture, handling, and restraint (Kannan and Mench, 1996; Bortolotti et al., 2008; Alm et al., 2014) . Drawing blood longer than 2 min after bird capture yields blood samples with higher CORT concentrations (Mormède et al., 2007; Chloupek et al., 2011) . Serum or plasma C 2018 Poultry Science Association Inc. Received January 10, 2018. Accepted June 6, 2018. 1 Corresponding author: slweimer@purdue.edu CORT concentrations often are measured in combination with heterophil to lymphocyte (H:L) ratios, as increases in H:L ratios reflect the response of the immune system to chronic stress associated with sustained elevations in circulating CORT concentrations (Gross and Siegel, 1983; Scanes, 2016) .
Noninvasive measures of CORT potentially can offer more convenient and less disruptive alternatives to traditional measures that require restraint and blood sampling. Validating objective, repeatable noninvasive measures of CORT would greatly improve our ability to rapidly assess the impact of various animal stressors on broiler performance (Post et al., 2003; Bortolotti et al., 2008; Fairhurst et al., 2013) . Noninvasive measures include measurements of CORT concentrations in the excreta (Dehnhard et al., 2003; Alm et al., 2014) and feathers (Bortolotti et al., 2008; Lattin et al., 2011; Fairhurst et al., 2013; Carbajal et al., 2014) . The concentrations of CORT deposited in the excreta, per se or an average of CORT accumulation following metabolism and during the process of excretion, have previously been measured as an indicator of stress in 3381 chickens (Rettenbacher et al., 2004 (Rettenbacher et al., , 2006 Alm et al., 2014) . Studies of feather CORT concentrations in wild and domestic birds indicate that this method may prove useful as a noninvasive approach for routinely evaluating stress (Bortolotti et al., 2008; Fairhurst et al., 2013; Carbajal et al., 2014) . Growing feather cells are highly vascularized and CORT is deposited in the keratin structure (Bortolotti et al., 2008) . However, it is unclear how quickly CORT is deposited in the feather and how closely the feather deposits mirror circulating CORT concentrations.
Our objective was to determine the utility and reliability of CORT measures from feathers, using previously reported methods as benchmarks of stress. To determine if feather CORT is an effective measure of the stress status of broilers, then the CORT concentrations obtained from feathers samples should be positively correlated with H:L ratios and CORT from serum, cecal contents, or colon contents (Post et al., 2003; . To the best of our knowledge, there are no previous studies in which circulating CORT concentrations were compared directly with intestinal and feather samples obtained contemporaneously from the same broiler. Accordingly, 2 experiments were designed to directly compare measures of CORT from blood, cecal contents, colon contents, and 2 feather types to determine if CORT measures from feathers are suitable and comparable to traditional measures of stress. For these studies, cecal and colon contents were collected invasively to ensure that all samples were from the same bird to make accurate comparisons. In both studies, samples were collected with or without CORT added to the drinking water for the purpose of comparing sample values in the presence or absence of experimentally induced sustained elevations in circulating CORT concentrations.
MATERIALS AND METHODS

Birds, Housing, and Feed
Day of hatch male broiler chicks (N = 140) from a commercial hatchery (Cobb, Fayetteville, AR) were distributed equally between 2 environmental chambers (3.7 m long × 2.5 m wide × 2.5 m high) on day 0 of the studies in the Poultry Environmental Research Laboratory at the University of Arkansas Poultry Research Farm. Animal procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee (protocols14005 and 16,014). The photoperiod was set to 23L:1D for day 0 to 4, 20L:4D for day 5 to 14, and 18L:6D for day 15 through the end of trial. Chamber temperature was set to 32.2
• C for day 0 to 3, 29.4
• C for day 4 to 7, 25.6
• C for day 8 to 14, and 23.9
• C day 15 through the end of trial. The caretaker walked through each room every day to acclimate birds to the routine presence of a human.
Birds were raised on wood shavings litter flooring with ad libitum access to feed and water. The starter diet was formulated to meet industry standards (NRC, 1994) , and water was provided via nipple drinkers. On day 21, a ladder was placed in the right corner of both rooms to acclimate birds to the novel object. The ladder served as the location of an elevated water carboy system to administer CORT in the treatment chamber (CORT group). The ladder-carboy system was constructed so the gravitational force would provide the same water pressure to the nipple drinkers as the tap water provided in the control chamber (Control group). At the beginning of the photoperiod (0800) on day 28, and thereafter through the end of the trial on day 31, synthetic CORT (C2505, Sigma Aldrich, St. Louis, MO) was dissolved in ethanol (2 mg CORT/1 mL ethanol) and added to the water in the CORT chamber at a constant concentration of 20 mg/L (Post et al., 2003; .
Sampling and Assay
Blood, cecal contents, colon contents, and feather samples were collected from 10 randomly selected broilers from both chambers at 7 time points for a total of 140 sampled birds. Baseline (0 h) samples were collected on day 27, 24 h prior to the start of CORT treatment. Samples were collected at 6, 12, 24, 30, 48, and 72 h throughout CORT treatment administration. Birds were removed from their chamber and a blood sample was drawn from the brachial vein within 60 s of capture with a 21 g X 3.81 cm needle attached to a 3 mL syringe. Each blood sample was immediately divided into 2 sub-samples: the first for serum separation (and subsequent storage at -20
• C), and the second treated with EDTA as an anticoagulant for H:L ratio determination. Birds then were euthanized, body weight was recorded, and cecal contents (Study 1) or colon contents (Study 2) and feather samples were collected. Cecal and colon content samples were collected by expelling the contents during necropsy and stored at -20
• C. Feather samples were collected from the intrascapular area (body feathers) and third primary on the left wing (primary feathers), and stored at -20
• C. The H:L ratio was determined using a Cell-Dyn 3700 (Abbott Diagnostics, Lake Forest, IL) automated hemacytometer. Cecal and colon content CORT was extracted using an ethanol-based method (Alm et al., 2014) , and feather CORT was extracted using a methanol-based method (Bortolotti et al., 2008) . Serum, cecal contents, colon contents, and feather CORT concentrations were measured by a DetectX Corticosterone EIA kit (Arbor Assays, Ann Arbor, MI). The inter-and intra-assay coefficients of variations (CV) were less than 10%.
Statistical Analysis
Data were analyzed using JMP Pro Fit Model (version 13, SAS Institute Inc, Cary, NC), with the individual bird as the experimental unit (N = 10 birds Data shown are average body weight (g) ± SEM and H:L ratio ± SEM. 1 Four-week-old male broilers administered normal tap water (Control) or a CORT water treatment (CORT) measured at baseline (0 h) and 6 treatment time points.
2 The ANOVA main effect of treatment was not significant (P = 0.70). The 
RESULTS
Interactions between time and treatment were significant (P < 0.05) for all measures, specifically body weight, H:L ratio, serum CORT, cecal CORT, colonic CORT, body feather CORT, and primary feather CORT. Results will be reported as the treatment by time interaction.
Body Weight and H:L Ratios
The CORT water treatment depressed body weight gain (g) of broiler chickens at later time points. Body weights for the CORT group were depressed compared to the Control group at 30 h (F 1,126 = 15.31; P < 0.0001) and 72 h (F 1,126 = 16.89; P = 0.002) in Study 1, and at 24 h (F 1,126 = 3.96; P = 0.05), 48 h (F 1,126 = 11.48; P = 0.0009), and 72 h (F 1,126 = 16.38; P < 0.0001) in Study 2 (Table 1) .
The H:L ratios increased with time of CORT treatment and were elevated at 12 h (F 1,123 = 5.52; P = 0.02), 24 h (F 1,123 = 16.97; P < 0.0001), 30 h (F 1,123 = 9.38; P = 0.003), 48 h (F 1,123 = 38.11; P < 0.0001), and 72 h (F 1,123 = 38.51; P < 0.0001) in the CORT group when compared to the Control group in Study 1. In Study 2, H:L ratios were elevated (P ≤ 0.02) at all 6 time points after CORT treatment began in the CORT group compared to the Control group (Table 1) . Over the course of CORT administration, H:L ratios of CORT-treated birds averaged 1.7 and 2.8 compared to 0.4 and 0.5 in controls in Study 1 and Study 2, respectively (Table 1) .
Serum Concentrations of Corticosterone
In the Control group, serum CORT concentrations remained low and unchanged for the duration of both studies (Figure 1a and b) . In the CORT group, serum CORT concentrations increased in Study 1 (P < 0.0001) and Study 2 (P < 0.0001) within 6 h of the onset of CORT administration in the drinking water, and thereafter high serum CORT concentrations were sustained through the end of the trial in both studies (Figure 1a and b) . Over the course of CORT administration, the serum of birds in the CORT group averaged 54.5 and 50.0 ng/mL compared to 2.7 and 6.3 ng/mL in the Control group in Study 1 (Figure 1a) and Study 2 (Figure 1b) , respectively. 
Cecal and Colon Content Concentrations of Corticosterone
In the CORT group, the CORT concentrations in cecal contents were increased (F 1,87 = 4.36; P = 0.04) at 24 h and remained elevated through 30 h (F 1,87 = 68.67; P < 0.0001), 48 h (F 1,87 = 4.56; P = 0.04), and 72 h (F 1,87 = 11.25; P = 0.001) when compared to the consistently low values for the Control group (Figure 2a) . Over the course of CORT administration (CORT group), the cecal contents averaged 15.3 ng/g dry wt compared to 5.6 ng/g dry wt in the Control group (Figure 2a) . For the CORT group in Study 2, the CORT concentrations in colon contents were higher at all 6 time points after the onset of CORT treatment (P < 0.001) when compared with the Control group (Figure 2b) . Over the course of CORT administration, colon contents of birds in the CORT group averaged 22.1 ng/g dry wt compared to 5.8 ng/g dry wt for birds in the Control group in Study 2 (Figure 2b ).
Feather Concentrations of Corticosterone
The concentrations of CORT in feathers were normalized by expressing them relative to feather length to reflect cumulative feather growth over time (Bortolotti There were marked differences in feather CORT concentrations in Study 1 and Study 2. In Study 1, body feathers of CORT-treated birds had elevated concentrations of CORT at 6 h (F 1,123 = 18.65; P < 0.0001), 12 h (F 1,123 = 34.44; P < 0.0001), and 24 h (F 1,123 = 21.68; P < 0.0001) when compared to body feathers from the Control group (Figure 3a) . However, at later time points CORT concentrations in body feathers from the Control group increased in parallel to similar increases in body feather CORT concentrations in the CORT group. In Study 2, CORT concentrations were elevated (P < 0.05) in body feathers from the CORT group at all 6 time points after CORT administration began, when compared to the low and stable CORT concentrations in body feathers from Control birds (Figure 3b ). Over the course of CORT administration, body feathers of birds receiving CORT averaged 1494.5 and 598.8 pg/mm compared to 905.9 and 84.1 pg/mm in controls in Study 1 (Figure 3a) and Study 2 (Figure 3b ), respectively.
The CORT concentrations in primary feathers from both the CORT and Control groups increased over time in both studies (Figure 4a and b) . Baseline (0 h) primary feather CORT concentrations of control birds were elevated (F 1,123 = 6.73; P = 0.01) compared CORT birds in Study 1. During CORT administration, primary feather CORT concentrations increased and remained higher (P < 0.0001) throughout CORT administration when compared with controls at all 6 time points (Figure 3a) . In Study 2, CORT primary feather CORT concentrations were higher (P < 0.05) than controls, except at 30 h (F 1,123 = 24.52; P = 0.08) (Figure 4b ). Over the course of CORT administration, primary feathers of birds receiving CORT averaged 1149.1 and 534.0 pg/mm compared to 310.0 and 206.9 pg/mm in controls in Study 1 (Figure 4a ) and Study 2 (Figure 4b ), respectively.
Correlations
If body feather, primary feather, or cecal/colonic content CORT concentrations are to serve as reliable measures of CORT status, then values for these measures should be closely correlated with serum CORT concentrations and/or H:L ratios obtained contemporaneously from the same birds. This was at least partially the case. Table 2 shows the pairwise correlations between stress measures. Body weights were adversely associated with stress parameters with BW being negatively correlated (P < 0.05) with H:L ratios and serum CORT concentrations in both studies. Additionally, BW was negatively correlated (P < 0.05) with primary feather CORT in Study 1 and colon content CORT in Study 2. Positive correlations (P ≤ 0.05) were observed across H:L ratios and measures of individual CORT sources in both studies. Most notably, H:L ratios had moderate positive correlations with serum CORT concentrations in Study 1 (r = 0.21; P < 0.05) and Study 2 (r = 0.41; P < 0.0001; Table 2 ). The positive correlation (P < 0.0001) between body feather and primary feather CORT was 0.62 in both studies ( Table 2) .
Coefficients of Variation
For cecal content CORT, colon content CORT, body feather CORT, and primary feather CORT to be valid measures of stress, there would need to be low CVs. Table 3 shows the CV (%) of H:L ratios and CORT measures. When including all treatment and time means to calculate CVs, serum concentrations of CORT had the lowest mean CVs in Study 1 (36%) and Study 2 (30%). Mean CVs for H:L ratio and non-serum CORT sources were above 70% in both studies. Table 2 . Correlations between body weight (BW) and heterphil to lymphocyte (H:L) ratio, serum corticosterone (CORT) concentrations (ng/mL), cecal content CORT (ng/g dry wt), colon content CORT (ng/g dry wt), body feather CORT (pg/mm feather length), and primary feather CORT (pg/mm feather length) of 4-wk-old male broilers administered normal tap water (Control) or a CORT water treatment (CORT) measured at baseline (0 h) and 6 treatment time points. , fecal CORT concentrations, (Dehnhard et al., 2003; Rettenbacher et al., 2006) and cecal CORT concentrations (Rettenbacher et al., 2006) in chickens. Comparisons of circulating CORT with feather CORT concentrations have been made in other avian species (Lattin et al., 2011; Fairhurst et al., 2013) . There are, however, no reports investigating these relationships in chickens. The present studies are the first to compare H:L ratios and CORT concentrations in serum, cecal contents, colon contents, body feathers, and primary feathers in broilers. Moreover, these studies are the first to compare variation within each stress measure before and during the administration of CORT in the drinking water that successfully elevated both the H:L ratios and serum CORT concentrations.
DISCUSSION
The association between body weight and stress measures was evaluated. As expected, body weight was reduced by CORT administration (Table 1) . Reduced growth is a common response to high CORT concentrations (Puvadolpirod and Thaxton, 2000; El-Lethey et al., 2003; Post et al., 2003; Lin et al., 2006; Virden et al., 2007; Shini et al., 2009 ). In addition, there were negative linear relationships between body weight with traditional stress measures (H:L ratio and serum CORT), but body weight was inconsistently correlated with nontraditional stress measures (cecal content, body feather and primary feather CORT).
Circulating concentrations of CORT and H:L ratios are frequent determinants of stress in research on chickens. Increases in circulating concentrations of CORT and H:L ratios indicate acute and chronic stress responses, respectively (Post et al., 2003; Scanes, 2016) . The increases in H:L ratio in the present studies with CORT treatment agrees with previous reports (Gross and Siegel, 1983; Shini et al., , 2009 ). However, the linear relationship between serum CORT concentrations and H:L ratios was weak, less than 20% (R 2 , Table 2 ). The release of CORT from the adrenocortical cells is affected by many acute factors such as handling restraint (Kannan and Mench, 1996) , whereas the H:L ratio is considered a measure of sustained or chronic stress (Gross and Siegel, 1983 ). Therefore, H:L ratios and serum CORT concentrations may not exhibit strong positive correlations across discrete sampling intervals.
There were elevated CORT concentrations in both cecal and colon contents in broilers consuming CORT in the drinking water. Colon content and cecal content samples were collected invasively in these studies for comparison within the same individual. Rettenbacher and colleagues (2006) found more CORT in feces than in cecal contents yet the present studies found similar concentrations of CORT in colon contents and cecal contents of CORT-treated birds. The cecum is an important organ involved in water absorption (Svihus, 2014) and thus CORT concentrations may have been altered. In a study comparing plasma CORT and fecal glucocorticoid concentrations after adrenocortiotropic hormone (ACTH) and dexamethasone injections, the authors found fecal CORT peak concentrations were delayed 4 h compared to plasma CORT peak concentrations (Dehnhard et al., 2003) . CORT measures taken from blood draw are real time, whereas cecal and colonic CORT measures are an average of CORT accumulation following metabolism and during the process of excretion. Thus, the inconsistent relationship between serum CORT and cecal or colonic content CORT levels may be explained by the timing of CORT release and metabolism. Cecal and colon Table 3 . Coefficient of variation (CV) (%) of H:L ratios, serum corticosterone (CORT; ng/mL), cecal CORT (ng/g dry wt), colon content CORT (ng/g dry wt), body feather CORT (pg/mm feather length), and primary feather CORT concentrations (pg/mm feather length) of 4-wk-old male broilers administered normal tap water (Control) or a CORT water treatment (CORT) measured at baseline (0 h) and 6 treatment time points. content CORT concentrations had significant, yet weak linear relationships with H:L ratios, serum CORT, and feather CORT measures (Table 2) . Feather CORT concentrations have been proposed to reflect the cumulative historical record of an individual's stress level (Bortolotti et al., 2008) . There were distinct differences in body feather and primary feather CORT concentrations in control and CORTtreated chickens (Figures 3 and 4) . Previous work demonstrated inconsistencies in the relationship between feather CORT and circulating CORT concentrations (Lattin et al., 2011; Fairhurst et al., 2013) . In Study 1, starting at 30 h, body feather CORT concentrations showed no differences between treatment groups, due to an increase in feather concentrations of CORT in controls. Differences in feather growth and keratin deposition may have contributed to the differences in CORT concentrations in body and primary feathers from the same individual chicken. Additionally, 2 individuals with the same feather CORT concentrations may have vastly different stressor experiences (several short, high stress events within a primarily low stress environment vs. constant, moderately stressful environment).
The CORT deposition in the feathers from control broilers was divergent between the 2 studies. Studies investigating the utility of CORT from feathers in wildlife avian species most commonly utilize a primary feather (Bortolotti et al., 2008) . Feather CORT relationships with other measures may depend on the feather type sampled (Harris et al., 2017) . The concentrations of CORT reported for body feathers from the intrascapular area in the present studies for controls (Figure 3a and b) were greater than those reported in a field trial (Carbajal et al., 2014) . This could be due to the differences in birds or environment. Carbajal and colleagues (2014) randomly collected body feathers from birds raised in a commercial environment, whereas broilers used for the present studies were reared in an experimental setting.
There is evidence for the validity of measuring CORT in feathers. There was a strong correlation between CORT concentration in body and primary feathers (r = 0.62 in both studies) ( Table 2 ). Concentrations of CORT from both body and primary feathers increased with time in the CORT group (Figures 3 and 4) . There were also, however, increases in the primary feather CORT concentrations over time in the control birds. The basis for this is unclear, but may be due to the combined effect of human presence and disruption of the social hierarchy by repeated removal of conspecifics from the treatment chambers (Gross and Colmano, 1971) .
Physiological measures of stress have inherent, stochastic variation (Dehnhard et al., 2003) . The results from these studies caution the assumption of constant coefficients of variation to analyze CORT data. In a meta-data review of the repeatability of individual glucocorticoid measures within and across taxa, avian glucocorticoid measures were found to have lowest median repeatability compared to amphibians, reptiles, fish, and mammals (Schoenemann and Bonier, 2018) . The large CV within feather or intestinal content CORT measures diluted the differences in treatment and control chickens at individual time points during the studies. In both studies, CORT concentration CVs for cecal and colon contents and both feather types had twice as much variation as that of serum CORT concentrations, yet were similar to H:L ratios (Table 3 ). Factors attributing to measure variations may have been the differences in CORT accumulation in each source, losses during extraction, accumulation of or interactions with CORT metabolites. Therefore, because serum CORT measures exhibited less variation than other CORT measures, we conclude that serum CORT was the most reliable measure of stress in these studies.
There is a need for noninvasive, accurate measures of stress in birds to improve animal management strategies. Evaluating of bird stress via CORT extraction from fecal samples commonly involves pooling samples from individuals, thereby attenuating the variation from individuals. There are also inadequacies of using feather CORT as a biomarker of avian stress reported in the literature (Harris et al., 2017) . The present studies are the first to compare multiple measures of stress to elucidate the correlation between measures within the individual bird and to compare the variation of measures between individuals.
In summary, administration of CORT in the drinking water over a 72-h period resulted in sustained increases in H:L ratios and concentrations of CORT in the serum, cecal contents, colon contents, body feathers, and primary feathers. CORT concentrations in serum were the most reliable measure in response to exogenous CORT, with an immediate and sustained increase after CORT treatment onset and the lowest coefficients of variation. Furthermore, these results indicate that noninvasive measures of CORT from feathers have potential for estimating stress in chickens. However, further research is needed to reduce the variation in feather sample types.
